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Objective: to assess the performance of non- or minimally invasive methods (duplex ultrasonography, MR- and CT-
angiography) in measuring stenosis of the proximal internal carotid prior to endarterectomy without preoperative intra-
arterial digital subtraction angiography (DSA).
Methods: systematic review of the literature (five databases, 1990 to February 2001). The value of each imaging technique
was studied through its reproducibility and its sensitivity/specificity compared to DSA.
Results: sensitivity exceeded 80% and specificity 90% in over two-thirds of the methodologically sound studies, regardless
of technique, although direct comparisons between results had to be avoided since the findings originated from different
populations. The main drawback of duplex ultrasonography is its levels of reproducibility. In contrast, only a few studies
have addressed the reproducibility of MR- and CT-angiography. When the results of duplex and MR-angiography agree, the
combination use of these two techniques provides a better diagnosis than either technique taken alone.
Conclusions: all three techniques appear suitable for measuring stenosis of the proximal internal carotid when compared
to DSA.
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resonance angiography; Endarterectomy; Review.
Eur J Vasc Endovasc Surg 24, 43±52 (2002)
doi:10.1053/ejvs.2002.1666, available online at http://www.idealibrary.com onIntroduction
According to the European and North American ran-
domised trials in symptomatic and asymptomatic
carotid patients surgery is a beneficial adjunct to
medication when stenosis exceeds 50±70%.1±8
The gold standard for determining the degree of
stenosis remains intra-arterial digital subtraction angi-
ography (DSA) but it has several shortcomings: (i) It is
an invasive investigation.4,9 In the ACAS study, the
rate of stroke after DSA was 1.2% and accounted for
nearly half the total morbidity/mortality rate (2.6%) of
carotid endarterectomy.4 (ii) The inter- and intra-
observer reproducibility varies according to techniquePlease address all correspondence to: A. Long, Plateau Techni-
que Invasif, Service de Radiologie Cardiovasculaire, HoÃpital
EuropeÂen Georges Pompidou, 20-40 rue Leblanc, 75908 Paris
Cedex 15, France.
1078±5884/02/010043  10 $35.00/0 # 2002 Elsevier Science Ltd. Aof injection of the contrast agent,10±13 calculation and
reading methods,13±22 and the degree of stenosis.23
Duplex ultrasonography (without then with
colour), computed tomography (CT) angiography,
and magnetic resonance (MR) angiography have
been developed for use either alone or in combination.
At the request of the French Ministry of Health (Direc-
tion des HoÃpitaux et de l'Organisation des Soins), the
National Agency of Accreditation and Evaluation in
Health (ANAES) performed a systematic review of
their diagnostic performance in comparison to that of
DSA. The objective was to determine whether one or
more of these techniques might advantageously
replace DSA. The review is focussed on how well the
techniques measure stenosis of the proximal internal
carotid artery; other features such as plaque charac-
terisation, investigation of intracranial circulation or
investigation of the ostia and intra-thoracic segments
of the aortic arch branches are not addressed.ll rights reserved.
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We performed a critical appraisal of the literature on
the use of duplex ultrasonography, CT-angiography,
and MR-angiography for the assessment of proximal
internal carotid artery stenosis. We searched five data-
bases (MEDLINE, HealthSTAR, EMBASE, PASCAL,
and the Cochrane Library) from 1990 to February
2001 for English and French language publications
(Table 1). The electronic search was completed by a
manual search of the tables of contents of issues of
speciality journals published between January 2000
and March 2001 and by consulting the reference lists
of the retrieved papers.
Reproducibility (intra- and inter-observer reprodu-
cibility or variability) and diagnostic efficacy by com-
parison with DSA (sensitivity and specificity) were
studied for each technique (duplex ultrasonography,
CT-angiography, and MR-angiography).
When evaluating reproducibility of CT-angio-
graphy, and MR-angiography, we selected prospective
articles in which stenosis was expressed as a function
of diameter as in either the NASCET1 or the ECST8
and in which reproducibility was provided.
When evaluating reproducibility of doppler ultra-
sonography, we selected prospective articles: (i) eval-
uating the variability of practices and results between
centres, (ii) evaluating inter-equipment variability,
and (iii) inter- and intra-observer reproducibility.
One paper only was a consecutive study.Table 1. Search for English-language articles.
Databases MEDLINE, H
Period 1990 ± Februa
Languages English, Fren
Keywords for techniques:
Contrast angiography Angiography O
Duplex ultrasonography Ultrasonograp
CT-angiography Tomography, e
assisted emi
MR-angiography Magnetic reso
resonance im
These keywords were used in the following searches:
1. Clinical comparisons among techniques Carotid artery
Controlled c
OR Double
(title) OR v
OR Evaluat
2. Test specificity and sensitivity Sensitivity and
observer var
OR Predicti
Reference st
3. Complications Complications
4. Technical aspects Equipment des
5. Surgery without preoperative contrast angiography Carotid artery
OR Arterio
Eur J Vasc Endovasc Surg Vol 24, July 2002When evaluating diagnostic efficacy of duplex
ultrasonography, CT-angiography, and MR-angiog-
raphy (alone or in combination), we selected those
articles that met the following criteria: (i) DSA was
the control assessment procedure, (ii) stenosis was
expressed as a function of diameter as in either the
NASCET1 or the ECST8, (iii) the method of evalua-
ting degree of stenosis was specified for each
technique, (iv) the study was prospective, (v) specifi-
city and sensitivity were provided or could be
calculated.
For MR-angiography reproducibility, sensitivity
and specificity, only studies relating to three-
dimensional (3D) gadolinium MR-angiography were
selected in accordance with the consensus of the panel
of experts because this technique is faster and gives
rise to fewer uninterpretable results when compared
to the older two-dimensional and three dimensional
time-of-flight (2D TOF, 3D TOF) techniques. When
MR-angiography was combined with duplex ultra-
sound only one study using gadolinium was found.
Thus studies using TOF MR angiography were
included.
We also searched for studies in which endarterect-
omy was performed in the absence of preoperative
assessment by DSA and selected those which were
methodologically sound and prospective. One retro-
spective study was nevertheless included because it
was the only one that provided long-term follow-up
results.ealthSTAR, EMBASE, Cochrane Library
ry 2001
ch
R Carotid arteriography
hy, Doppler OR Doppler Echography
mission-computed OR Tomography, X-Ray computed OR Computer
ssion tomography OR Computer assisted tomography OR Tomography
nance imaging OR Magnetic resonance angiography OR Nuclear magnetic
aging OR Nuclear magnetic resonance angiography
disease OR Carotid stenosis OR Carotid artery obstruction AND:
linical trials OR Randomized controlled trial OR Double-blind method
blind procedure OR Random allocation OR Randomization OR Random
ersus (title) OR Controlled study OR Comparative study OR Comparison
ion studies OR Program evaluation
specificity OR False negative reactions OR False positive reactions OR
iation OR Reproductibility of results OR Reproductibility OR Reliability
ve value of tests OR Diagnostic accuracy OR Quality control OR
andard OR Diagnostic error OR Diagnostic value.
OR Side effects OR Adverse effect.
ign OR Instrumentation
surgery OR Carotid surgery OR Endarterectomy AND Angiography
graphy
Table 2. Results of English-language literature search.a
MEDLINE EMBASE HealthSTAR
Comparisons among techniques
Contrast angiography 60 85 0
Duplex ultrasonography 50 57 0
CT-angiography 23 52 0
MR-angiography 35 59 0
Specificity and sensitivity
Contrast angiography 163 48 1
Duplex ultrasonography 219 37 0
CT-angiography 59 33 0
MR-angiography 101 57 0
Complications
Contrast angiography 86 18 1
CT-angiography 90 0 3
MR-angiography 153 0 5
Technical aspects 93 2 1
a No additional references were found in the Cochrane library.
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ion of a panel of 15 professionals, members of relevant
academic societies, who met on three occasions to
discuss and finalise the report.
Results
The results of the English-language database searches
are given in Table 2. Some articles were present
in more than one database. Moreover, 82 French-
language articles were retrieved from PASCAL: they
were either already found in another database or
were excluded according to the selection criteria. The
articles meeting our selection criteria are discussed
below.
Reproducibility
Duplex ultrasonography
Eleven studies were selected.24±34
In most articles 24,26±29,31±33 reproducibility of duplex
ultrasonography was studied through the variability
of practices and results between centres. This variabil-
ity included variability in machines, sonographers,
readers, measurement methods (velocimetry, plani-
metry, combined analysis) and velocimetry criteria.
The variability of duplex ultrasonography in assessing
the degree of stenosis of the proximal internal carotid
artery was illustrated by the results of the prospective
study by Elmore et al.26
A total of 76 patients were referred to the Geisinger
clinic (accredited by the Intersocietal Commission for
the Accreditation of Vascular Laboratories) for vas-
cular surgery on the basis of results obtained by
duplex ultrasonography. A second ultrasound inves-
tigation was performed at the clinic.
Results for the two exams agreed for only 64%
(95/149) of carotids. If only the first set of results had
been considered, and using 80% stenosis as a thresh-
old for carotid surgery, 61.5% (24/39) of carotids diag-
nosed as presenting 80-99% stenosis would have
undergone unwarranted surgery (22 stenosis 580%
and two further carotids in fact occluded). Moreover,
3.1% (3/97) would have missed out on surgery. SocieÂteÂ d'Angiologie de Langue FrancËaise, ColleÁge FrancËais de
Pathologie Vasculaire, SocieÂteÂ de Chirurgie Vasculaire de Langue
FrancËaise, ColleÁge FrancËais de Chirurgie Vasculaire, SocieÂteÂ FrancËaise
d'Imagerie Cardio-Vasculaire, SocieÂteÂ FrancËaise de Radiologie et
Imagerie MeÂdicale, SocieÂteÂ FrancËaise Neuro-Vasculaire, SocieÂteÂ
FrancËaise de Neurologie, SocieÂteÂ FrancËaise de Neuroradiologie,
SocieÂteÂ FrancËaise de Radiologie et de Chirurgie Vasculaire.Inter-equipment reproducibility was specifically
studied in three articles.25,30,34 Inter- and intra-
observer reproducibility was specifically studied in
two articles.25,30
Results are summarised in Table 3.
CT- and MR-angiography
Two prospective studies using CT-angiography met
our selection criteria. Inter observer concordance was
judged as good to very good (Kappa coefficient
between 0.96 and 1.00)35 and between observer esti-
mations of degree of stenosis differed by hardly
more than 10%.36 For MR-angiography reproducibil-
ity, two studies were indicative of excellent reprodu-
cibility: the Kappa coefficient was 0.88 in one study,37
and 0.95 in the other.38 No study was found about
the variability of CT- and MR-angiography between
centres.
Sensitivity and specificity
The sensitivity and specificity of the three non-
invasive techniques are given in Tables 4±6. For
MR-angiography, only gadolinium-enhanced MR-
angiography studies were retrieved for comparison
with DSA. A summary of the results (Table 7) reveals
that, for each technique, sensitivity exceeded 80%
and specificity 90% in over two-thirds of the selected
studies. The diagnostic efficacy remained in the same
range although direct comparisons between results
had to be avoided since the findings originated from
different populations.Eur J Vasc Endovasc Surg Vol 24, July 2002
Table 3. Variability of doppler ultrasonography.
Author/type Study Conclusion
Variability between different centers
Perkins24 Survey Questionnaire on carotid duplex practice Diversity in diagnostic criteria
73 vascular laboratories Diversity in method of stenosis grading
Robless27 Survey Questionnaire on carotid duplex practice Diversity in method of stenosis grading
71 vascular laboratories Diversity concerning the doppler angle used
Alexandrov28 Prospective 2 vascular laboratories in two hospitals
Same equipment
A definite velocity criterion does not have
the same validity and predictive value to
grade carotid stenosis at different
laboratories
Schwartz29 Prospective 10 systems
9 hospitals
Predictive ability of different parameters to
quantify stenosis was different from
a device to another one
Fillinger31 Consecutive 2 vascular laboratories
4 systems
360 carotid bifurcations
Most accurate duplex criteria of a  60%
ICA stenosis were machine specific
Howard33 37 centres
63 doppler devices
Performance of Doppler ultrasound
heterogeneous between devices.
Howard32 Prospective 19 centres
30 doppler devices
Performance relates to the device-
sonographer-reader system
Cutpoint for the peak systolic flow to insure
a positive predictive value of 90% in
predicting a  60% stenosis ranging from
151 to 390 cm/sec or from 5400 to 11250 Hz
Inter-equipment variability
Ranke25 Prospective 20 ICA, 10 patients, 2 different systems,
same observer
Intrastenotic peak flow velocitiy values
were significantly higher with one system
Wolstenhulme30 Prospective 2 systems
43 patients, same observer
Limits of agreements (within 95% of
different lie) between systems: ÿ0.47
to 0.45 m/sec
Daigle34 in vitro 6 systems
Velocity-calibrated string flow phantom
5 of 6 systems: overestimation of all peak
velocity when compared to the calibrated
string flow phantom
Inter- and intra-observer variability
Ranke25 Prospective 20 ICA, 11 patients, same system,
2 observers
Inter-observer variation expressed as
95% CI for predicted stenosis between
2 observers was 13.6% with peak systolic
velocity and 15.4% with mean velocity ratio
Wolstenhulme30 Prospective 20 patients, 2 systems, one observer Intra-observer reproducibility coefficient
for both machines was 0.48 cm/sec
ICA: internal carotid artery.
46 A. Long et al.Combining techniques
Five studies investigated how well degree of
stenosis of the proximal internal carotid artery was
estimated when MR-angiography (TOF) was com-
bined with duplex ultrasonography.14,18,38,42,46 Only
one study also used a rapid sequence technique with
gadolinium injection38 in combination with ultrasono-
graphy. In each case, MR-angiography was not con-
sidered as a confirmatory test but as an independent
investigation. Moreover, performance did not depend
on the order in which the exams were carried out.
When the results of both investigations agreed, com-
bining techniques proved better at diagnosing tight
stenosis and occlusion (as confirmed by DSA) than
using either technique alone. Results were discordantEur J Vasc Endovasc Surg Vol 24, July 2002in 16±39% of patients. No study addressing duplex
ultrasonography plus CT-angiography was retrieved.
Endarterectomy without preoperative DSA
The first report of endarterectomy without preopera-
tive DSA concerned 5 carotids in 4 patients allergic to
contrast medium. The investigation technique used
was duplex ultrasonography.56 Between 1984 and
2000, at least 20 further reports were published of
which 17 referred to surgery after duplex ultrasono-
graphy alone57±73 and three to surgery after duplex
ultrasonography plus MR-angiography.74±76 The
results of the six most methodologically sound studies
are given in Table 8. The number of patients ranged
Table 4. Sensitivity and specificity of Duplex ultrasonography as a function of degree of stenosis.
Stenosis Independence
of lecture
Carotids (n) Sensitivity % Specificity % Reference
Occlusion  46 100 90 Serfaty et al., 200038
 457 100 99 Hood et al., 199639
 120 80 100 White et al., 199440
NA 34 100 100 Turnipseed et al., 199341
 75 100 100 Riles et al., 199242
Stenosis 80%  75 85 80 Riles et al., 199242
Stenosis 70% NA 76 65 95 Johnson et al., 200043
 46 64 97 Serfaty et al., 200038
 100 97 75 Huston et al., 199814
 56 87 98 Link et al., 199744
 457 86 97 Hood et al., 199639
 128 85 96±97 De Bray et al., 199523
NA 171 94 83 Patel et al., 199518
NA 34 94 89 Turnipseed et al., 199341
Stenosis 60%  40 62 100 Bluth et al., 200045
 99 89 92 Jackson et al., 199846
 120 73 88 White et al., 199440
NA 102 88 88 Walters et al., 199321
Stenosis 50%  46 94 83 Serfaty et al., 200038
 457 99.5 89 Hood et al., 199638
 128 87±95 96 De Bray et al., 199523
 75 98 69 Riles et al., 199242
NA: not available.
Table 5. Sensitivity and specificity of CT-angiography as a function of degree of stenosis.
Stenosis Independence
of lecture
Carotids (n) Sensitivity % Specificity % Reference
Occlusion  80 69±100 98 Anderson et al., 200047
 44 100 100 Leclerc et al., 199936
 46 100 100 Marcus et al., 199948
 38 66±75 87±100 Verhoek et al., 199949
 40 100 100 Magarelli et al., 199850
 56 100 100 Link et al., 199744
 39 100 100 Leclerc et al., 199535
 50 81±87.5 97±100 Dillon et al., 199351
 40 100 100 Schwartz et al., 199252
Stenosis 80% NA NA NA NA
Stenosis 70%  80 67±77 84±92 Anderson et al., 200047
 44 67±100 94±97 Leclerc et al., 199936
 46 85±93 93±97 Marcus et al., 199948
 38 80±100 95±100 Verhoek et al., 199949
 40 92 98.5 Magarelli et al., 199850
 56 100 100 Link et al., 199744
 39 87.5±100 96±100 Leclerc et al., 199535
 50 81±82 94±95 Dillon et al., 199351
 40 100 100 Schwartz et al., 199252
Stenosis 60% NA NA NA
Stenosis 50%  80 85±90 82±91 Anderson et al., 200047
NA: Not available.
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from 0 to 3.3%. Only one study was a prospective
randomised study and only one (a retrospective
study) gave long-term follow-up results.
Twenty-one articles addressed the issue of when is
DSA indicated in addition to duplex ultrasonography(with or without MR-angiography).58±65,67,68,70±80
(a) DSA in addition to duplex ultrasonography
alone:58±65,67,68,70±73,77,79,80 Indications were (i) technical
difficulties (e.g. calcifications, invisible upper lesion
limit, constricted stenosis or occlusion of the con-
tralateral internal carotid artery), (ii) difficulties inEur J Vasc Endovasc Surg Vol 24, July 2002
Table 6. Sensitivity and specificity of MR-angiography as a function of degree of stenosis.
Stenosis Independence
of lecture
Carotids (n) Sensitivity % Specificity % Reference
Occlusion  63 100 100 Serfaty et al., 200038
NA 46 100 100 Scarabino et al., 199953
 54 100 100 Leclerc et al., 199854
 44 100 100 Remonda et al., 199837
Stenosis 80% NA NA NA NA
Stenosis 70% NA 76 94 95 Johnson et al., 200043
 63 94 85 Serfaty et al., 200038
NA 46 100 100 Scarabino et al., 199953
 54 100 98 Leclerc et al., 199854
 44 94 96 Remonda et al., 199837
 56 100 100 Sardanelli et al., 199955
Stenosis 60% NA NA NA NA
Stenosis 50%  63 92 74 Serfaty et al., 200038
NA: Not available.
Table 7. Summary of the results in Tables 4±6.
Technique Diagnosis Number of studies
Sensitivity 80% Specificity 90%
Duplex 70% stenosis 6/8 5/8
ultrasonography Occlusion 5/5 5/5
CT-angiography 70% stenosis 8/9 9/9
Occlusion 8/9 9/9
MR-angiography 70% stenosis 6/6 5/6
Occlusion 4/4 4/4
 In these studies sensitivity and specificity was 100% (see Table 6).
Table 8. Endarterectomy without preoperative assessment by DSA.
Type of study Carotids (n) Technique(s) Mortality/
morbidity
rate (%)
Deriu et al.72 Prospective
randomised
186a DUbDSA (n 96)
DU alone (n 90)
1
3.3
Campron et al.66 Retrospective 75 DU 1.3c
Loftus et al.69 Prospective 494 DU (n 494) 3.0
DSA (n 13)
Ranger et al.64 Prospective 48 DU 0
Polack et al.74 Prospective 15 DU, MR-angiography 0
Turnipseed et al.75 Prospective 35 DU, MR-angiography 0
a DU: Duplex ultrasonography.
b 14 patients excluded before randomisation (subclavicular stenosis (n 4), occlusion of contralateral carotid (n 4),
proximal stenosis (n 1), tandem distal stenosis (n 2), overcalcified lesions (n 3)).
c Only study providing long-term follow-up results: global 5-year survival: 75 8%, without neurologic complica-
tions: 74 8%, without neurologic complications on side of operated carotid: 89 8%.
48 A. Long et al.differentiating a highly constricted stenosis from an
occlusion, hemispheric symptoms, intermediate
carotid artery stenosis, and (iii) suspicion of concomi-
tant common or intra-cranial carotid artery stenosis
(the need for imaging the intra-thoracic segments of
the aortic arch branches and intra-cranial carotid artery
remains controversial). (b) DSA in addition to duplexEur J Vasc Endovasc Surg Vol 24, July 2002ultrasonography combined with MR-angiography.74±76,78
Indications were: (i) when the results of ultrasono-
graphy and MR-angiography are discordant and
(ii) when intracranial or vertebral stenosis is sus-
pected. Under all circumstances, it was essential that
duplex ultrasonography be validated vs DSA and the
object of regular quality controls.
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The variability of duplex ultrasonography in assessing
the degree of a stenosis of the proximal internal
carotid artery has been the subject of much criticism
but it should not be forgotten that it is an investigation
technique that has been much more widely investi-
gated than DSA, CT- or MR-angiography. Duplex
ultrasonography is an innocuous investigation which
can be ± and has been ± easily repeated in the same
patient. In contrast, it is extremely difficult to
repeat DSA, CT- or MR-angiography for reprod-
ucibility studies. Thus, the reproducibility of these
techniques has been evaluated after image acquisition
only, in relation to the technique of acquisition,
reconstruction, and interpretation. For DSA, it is far
from optimal. The between- and within-observer
reproducibility of angiogram readings varies accord-
ing to technique,10±13 calculation and reading methods
(American or European, visual or electronic),13±22 and
the degree of stenosis.23
The diagnostic efficacy (sensitivity and specificity)
of duplex ultrasonography, CT- and MR-angiography
in assessing degree of a proximal internal carotid
artery stenosis has proven to be good in properly
conducted studies but this might not reflect everyday
practice. Published work is from centres of excellence,
and there may be considerable publication bias
(publication of positive findings only). Moreover,
recorded performance may be artificially enhanced
in that most studies included both carotids (the one
responsible for the patient's being investigated, and
the contralateral carotid often presenting only a slight
degree of stenosis).81
Sensitivity and specificity are inversely correlated
and, depending on the purpose of the investigation,
the focus is on either specificity or sensitivity: (i) For
screening or for an investigation by first intention,
a minimum false negative rate is needed to ensure
that a tight stenosis is not missed, even if this means
mistakenly diagnosing a stenosis below the chosen
threshold of severity (i.e. being less specific). (ii) For
surgery without preoperative DSA, the investiga-
tion(s) must be very specific to avoid inappropriate
surgery. Thus, duplex velocity threshold has the fol-
lowing influence: a low velocity threshold increases
sensitivity and a higher threshold improves specifi-
city.28,82 Moreover, the performance increases in cen-
tres with a quality control system.83,84
When imaging techniques are combined, the first
should be sensitive and the combination should be
specific. Commonly, duplex ultrasonography is the
first and MR-angiography the second.38Systematic appraisal of the literature can incite
clinical teams to initiate critical studies. In France,
the recent ANAES technology assessment reports on
stent-grafts for endovascular repair of abdominal
aortic aneurysms85 and on surgery and angioplasty
for carotid stenosis,86 have led to the setting up of
long-term and large-scale trials. Since the end date of
our systematic review (February, 2001), several
studies have confirmed the reliability of duplex
ultrasonography and MR- and CT-angiography in
measuring stenosis.87±89 However, studies on carotid
endarterectomy without preoperative assessment by
DSA remain few and far more controversial.90,91
In conclusion, duplex ultrasonography, MR- and
CT-angiography appear suitable for measuring sten-
osis of the proximal internal carotid. Technology
developments are rapid for all three, leading to im-
prove their performance. Carotid endarterectomy
based on duplex ultrasonography only is performed by
some teams but remains unfrequent. A quality control
within the vascular laboratory is essential. When non-
or minimally invasive techniques are combined, the
additional investigation more frequently used after
duplex ultrasonography seems to be MR-angiography.
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